Three degrees of freedom (3-DOF) Helmholtz resonator which consists of three cylindrical necks and cavities connected in series (neck-cavity-neck-cavity-neck-cavity) is suitable to reduce flow pulsation in hydraulic system. A novel lumped parameter model (LPM) of 3-DOF Helmholtz resonator in hydraulic system is developed which considers the viscous friction loss of hydraulic fluid in the necks. Applying the Newton's second law of motion to the equivalent mechanical model of the resonator, closed-form expression of transmission loss and resonance frequency is presented. Based on the LPM, an optimal design method which employs rotate vector optimization method (RVOM) is proposed. The purpose of the optimal design is to search the resonator's unknown parameters so that its resonance frequencies can coincide with the pump-induced flow pulsation harmonics respectively. The optimal design method is realized to design 3-DOF Helmholtz resonator for a certain type of aviation piston pump hydraulic system. The optimization result shows the feasibility of this method, and the simulation under optimum parameters reveals that the LPM can get the same precision as transfer matrix method (TMM).
Introduction 1
Most of the aircraft hydraulic systems are driven by axial piston pumps because axial piston pumps have high output pressure, high efficiency and high reliability. However, axial piston pumps will generate large flow pulsation because of the pumps' inherent structure and working principle [1] . Flow pulsation can induce pressure fluctuation and piping vibration, which are very harmful to aircraft hydraulic systems [2] . According to statistics, almost half of the reported failures of hydraulic systems on aircraft were due to the fracture of hydraulic pipes [3] . Consequently, the hydraulic flow pulsation suppression has been a research hotspot. One important research aspect on hydraulic flow pulsation suppression is the hydraulic fluid pulsation attenuator [4] . Helmholtz resonator, which consists of a cavity communicating with the main duct through a neck, was firstly used to attenuate the narrow-band low-frequency noise. Afterwards, some researchers [5] [6] [7] [8] also employed Helmholtz resonator to reduce the hydraulic fluid pulsation as reactive type attenuator. But the traditional single Helmholtz resonator has only one resonance frequency so that it can only reduce one frequency flow pulsation harmonic, while the hydraulic flow pulsation has several higher harmonics besides the fundamental frequency [9] . Kojima and Ichiyanagi [10] developed a three degrees of freedom (3-DOF) Helmholtz resonator and pointed out that it can get good attenuation properties at three frequency harmonics of hydraulic flow pulsation. Considering that the energy of hydraulic flow pulsation mainly distributes at the fundamental frequency and its first two harmonics, 3-DOF Helmholtz resonator is very suitable to reduce the hydraulic flow pulsation and has important research value for hydraulic flow pulsation suppression.
The existing theoretical researches on 3-DOF Helmholtz resonator in hydraulic system [10] [11] established the mathematical model of 3-DOF Helmholtz resonator by transfer matrix method (TMM). Although TMM which is based on the distributed parameter model has high accuracy, it has two disadvantages to investigate 3-DOF Helmholtz resonator: a) the physical meaning of the model is not obvious so that it is difficult to comprehend the attenuation mechanism of 3-DOF Helmholtz resonator; b) TMM cannot give out the closed-form expression of resonance frequency which is an important parameter to predict the attenuation characteristic of 3-DOF Helmholtz resonator.
The lumped parameter theory, which is the classic method to predict the attenuation characteristic of Helmholtz resonator [12] , can overcome the above disadvantages of TMM. And previous studies [5] [6] [7] [8] all used the lumped parameter theory to investigate the traditional single Helmholtz resonators in hydraulic system. But Refs. [5] - [8] directly employed the lumped parameter model (LPM) of Helmholtz resonator in air medium, which approximates Helmholtz resonator as an equivalent mass (neck) and spring (cavity) system [13] to calculate the resonance frequency of Helmholtz resonator in hydraulic fluid medium. The LPM in Refs. [5] - [8] are not accurate, because the viscous friction loss generated when the hydraulic fluid flows through the neck of Helmholtz resonator is not considered, whereas the viscous friction loss cannot be ignored considering that the density and kinetic viscosity of hydraulic fluid are significantly bigger than those of air.
In this paper, a novel LPM of 3-DOF Helmholtz resonator in hydraulic system is developed, which takes the effect of viscous friction loss in necks into consideration and regards the resonator as 3-DOF mass-spring-damping system. In this LPM, closedform expression of transmission loss and resonance frequency is given out. Based on the LPM, an optimal design method of 3-DOF Helmholtz resonator in hydraulic system is proposed, which employs rotate vector optimization method (RVOM) as optimizer. In view of the low frequencies of interest in this paper, the geometrical dimensions considered here are significantly smaller than the fluid wave length. Thus the model of 3-DOF Helmholtz resonator in hydraulic system can be established by lumped parameter theory.
Ref. [13] pointed out that the mass significant for oscillation of single Helmholtz resonator in air medium is concentrated in the neck of the resonator and the volume of resonator acts as a spring, and it also gave out the mechanical-acoustical analogy for single Helmholtz resonator in air medium which is a mass-spring system. Considering that the density and kinetic viscosity of hydraulic fluid are significantly bigger than those of air, the viscous friction loss generated when the hydraulic fluid flows through the necks of 3-DOF Helmholtz resonator could not be ignored. According to the theory proposed in Ref. [13] and taking the effect of viscous friction loss in necks into consideration, 3-DOF Helmholtz resonator in hydraulic system can be equivalent to 3-DOF mass-springdamping system as shown in Fig. 1(b) . The three necks act as three masses (m 1 , m 2 and m 3 ) due to inertia effect of the fluid in necks. The three cavities act as three springs (Spring 1, Spring 2 and Spring 3) due to capacitive effect of the fluid in cavities. The three necks' viscous frictions can be equivalent to three damping (c 1 , c 2 and c 3 ) which act on the three masses (m 1 , m 2 and m 3 ). Compared with the traditional mass-springdamping system, this 3-DOF mass-spring-damping system has two characteristics:
1) The three springs are always in a compressed state because of the compressed fluid in cavities.
2) Spring 1 has different stiffness (k 11 and k 12 ) to the two masses (m 1 and m 2 ), which are connected to Spring 1. Similarly, Spring 2 has different stiffness (k 22 and k 23 ) to m 2 and m 3 . The theoretical explanation for this characteristic will be given out in Section 2.2.
Parameter determination of equivalent mechanical system
1) Equivalent spring stiffness As shown in Fig. 2 , the cavity, which is filled with fluid and closed by piston, acts as a fluid spring. Applying the Hooke's law to the closed cavity, the stiffness of fluid spring can be given by ' '
where A is the cross-sectional area of the piston, and A=SD 2 /4, ǻx the displacement of the piston, and ¨p the pressure variable quantity in the cavity when the displacement of piston is ǻx.
According to the definition of hydraulic fluid bulk modulus, the expression of ¨p can be represented by
where E is the bulk modulus of hydraulic fluid, ¨V the volume variable quantity of the closed cavity, and V 0 the initial volume of the closed cavity. Substituting Eq. (2) into Eq. (1) yields
From Eq. (3), it can be concluded that the stiffness of hydraulic cavity is related to A and ǻx. That is why both Spring 1 and Spring 2 have different stiffness to the two masses connected to them.
Applying Eq. (3), the stiffness of the three springs in the equivalent mechanical system of 3-DOF Helmholtz resonator in hydraulic system can be calculated.
For Spring 1, its stiffness to the first mass m 1 is given by 1 Similarly, the stiffness of Spring 1 to the second mass m 2 is written as
For Spring 2, its stiffness to the second mass m 2 is given by 
For Spring 3, its stiffness to the third mass m 3 is obtained as follows: 2) Equivalent damping When hydraulic fluid flows through the necks which are regarded as hydraulic fluid pipes, viscous friction loss will be generated. Firstly assume that a) The elasticity of the neck walls is negligible compared to the compressibility of hydraulic fluid.
b) The temperature and pressure variations are small, hence the changes of hydraulic fluid viscosity and density are small.
c) The hydraulic fluid moves as steady laminar flow in the necks.
d) The hydraulic fluid velocity in the circumferential direction is negligible.
e) The mean hydraulic fluid velocity is less than the acoustic velocity in hydraulic fluid.
Based on these assumptions, the momentum equation of hydraulic fluid in pipes can be written as [14] 
where ȡ is the density of hydraulic fluid, u the hydraulic fluid velocity in axial direction, p the hydraulic fluid pressure, x the coordinate in axial direction, r the coordinate in radial direction, and v the kinematic viscosity of hydraulic fluid. The linear friction model of hydraulic fluid pipes is applied when hydraulic fluid moves in the pipes as steady laminar flow. In linear friction model, the viscous friction loss is proportional to the mean fluid velocity and the heat transfer effect is not considered [15] . Applying the linear friction model, the momentum equation of fluid in pipes can be simplified as [16] 
where q is the flow rate at one cross-section of pipe, 
The viscous friction force of hydraulic fluid pipe whose length is l can be derived by Eq. (11) 
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Rearranging Eq. (22) in matrix form yields
where A is the stiffness matrix, and The normalized specific impedance of 3-DOF Helmholtz resonator can be expressed as [17] 2) Resonance frequency In order to calculate the undamped natural frequency 
Optimization method
The RVOM, which was first proposed in 1996 [18] , is used to search the optimum size parameters of 3-DOF Helmholtz resonator in hydraulic system. RVOM, which is especially suitable to solve the optimization problem with nonlinearity objective function or procedure with complex constraints, has higher efficient and better global optimization ability compared to genetic algorithms. Figure 3 presents the flowchart of RVOM algorithm. The following text is the description of RVOM algorithm.
Step 1 Define two initial random vectors X L and X H . Step 2 If F(X H )<F(X L ), exchange X H and X L ; else, no exchange.
Step 3 Get the vector X D =X H X L and apply rotation transform to X D around X L and obtain the new vector X T =c r X D ; if F(X T )<F(X L ), replace X H by X L and replace X L by X T ; else, no replace; where c r is the rotation coefficient, which is a function of one time rotation angle M [19] .
Step 4 If a round of rotation is completed, go to Step 5; else, go to Step 3.
Step 5 Get the vector X D =X H X L again and apply contraction transform to X D and get a new vector X T =X L +c c X D , where c c is the contraction coefficient.
Step 6 Let İ be the setting calculation precision. If ||X T X L ||<İ, the global optimum is F(X min ), X min =X L , and terminate the calculation process. Otherwise, X H =X T , go to Step 2.
Results and Discussion

Optimal design results
The optimal design of 3-DOF Helmholtz resonator for the hydraulic system driven by a certain type of aviation 9-pistons pump, whose speed is 3 000 r/min, is Table  1 . Applying the proposed optimal design method, the optimum size parameters of 3-DOF Helmholtz resonator in hydraulic system can be obtained, as shown in Table 1 . Figure 4 shows the history record of objective func- tion value of 3-DOF Helmholtz resonator in an optimal design process. The final value of objective function is 0.747 294 4 Hz, which fulfills the design requirements.
Discussion of LPM
Substituting the optimum design variables to Eq. (28), the transmission loss of 3-DOF Helmholtz resonator in hydraulic system can be calculated by the LPM. Then the transmission loss is also calculated by TMM proposed in Ref. [10] which is based on distributed parameter model of hydraulic pipe and validated by experiment data. Figure 5 compares the transmission losses with the two methods. As shown in Fig. 5 , the transmission loss from the two methods agrees well, which proves that the precision of the LPM is the same as that of TMM in Ref. [10] . Three transmission loss peaks are observed in Fig.  5 at three frequencies, 450.3, 899.6, 1 350.1 Hz, the same as predicted by Eq. (33), which demonstrates that the closed-form expression of the resonance frequency is correct.
In order to examine the effect of the viscous friction loss on the transmission loss, Fig. 6 compares the transmission losses of 3-DOF Helmholtz resonator with and without viscous friction loss by LPM. As shown in Fig. 6 , the three resonance frequencies of 3-DOF Helmholtz resonator with and without c 1, 2, 3 are the same because the viscous friction loss is not big enough to change the resonance frequencies. However, the peak values of transmission loss at three resonance frequencies with c 1,2,3 are much smaller than those without c 1,2,3 , as shown in Table 2 . This reveals that: a) the viscous friction loss makes a great impact on the attenuation characteristic of 3-DOF Helmholtz resonator, thus it cannot be ignored; b) the attenuation characteristic of 3-DOF Helmholtz resonator in hydraulic fluid medium is worse than that of 3-DOF Helmholtz resonator in air medium, because the kinetic viscosity of hydraulic fluid is significantly bigger than that of air which is proportional to the viscous friction loss. 
Conclusions
1) A novel LPM of 3-DOF Helmholtz resonator in hydraulic system is developed in this paper, which can get the same precision as TMM and has obvious physical meaning in modeling process. This model can be employed to predict the resonance frequency and transmission loss of 3-DOF Helmholtz resonator in hydraulic system conveniently, which enriches the theoretical research approach to investigate 3-DOF Helmholtz resonator in hydraulic system.
2) In this LPM, the viscous friction loss of hydraulic fluid in necks is taken into consideration and calculated, which is proved that it can make a great impact on the attenuation characteristic of 3-DOF Helmholtz resonator in hydraulic system. This idea has guiding significance to exactly model other types of hydraulic fluid pulsation attenuator by lumped parameter theory.
3) An optimal design method of 3-DOF Helmholtz resonator in hydraulic system based on the LPM is proposed, which employs RVOM as optimizer. The optimization result and simulation show the feasibility of this method. This optimal design method can be used in engineering practice to design the 3-DOF Helmholtz resonator for piston pump hydraulic system.
